u] =,

3 memoro 3abesneuenns epexmusnozo Qymrxuiony-
8AHHS PAOIOMEMPUMHUX KOPETAUTHUHO-EKCIMPEMATIbHUX
cucmem nasieauii (KECH) nimanvnux anapamis (JIA)
PO3po6IeHo memoou Popmyeanns emaioHHux 300pa-
acenv (E3) ma ynimooanvnoi eupimanvhoi ynxuii
(B®D). Memoou po3pobaieno s ymoe micueeusnauen-
na KECH na nosepxusx eizyeannus (IIB) 3 éucoxopos-
BUHEHOI0 IHPpaAcMpyKmyporo npu HE3HAUHUX BUCOMAX
nomwonty JIA, wo npuzeodums 0o popmyeanns necma-
UIOHAPH020 3a CMPYKMYPOI0 NOMOUH020 300pajicen-
na (I13). Hecmauionapnicmo I13 eunuxae npu 3mini
2e0MEMPUMHUX YMOB BI3YBAHHA 00°€KNie mpumipHoi
popmu. Memoo popmysannus E3 rpynmyemvcs na
BUKOPUCMAHHI CYKYNHOCMT MPUMIPHUX CIMAUIOHAPHUX
00°ckmie 3 HAUOLILWOIO PAGIOACKPABICHOI0 memne-
pamyporo, OKOHMYPIOBAHHI MA BU3HAMEHHI Ycepeo-
Henoi padiosackpasicoi memnepamypu. Pozpooaeno
Memo0 popmysanns ynimooanvhoi BM padiomempun-
noi KECH, sixuii épaxoeye mpumipty popmy 06’exmie
IIB, npocmopoee nonosicenns i opicnmauiro JIA. Memoo
basyemvca na 30iticnenni nonepeonvoi oépooxu I13,
KA NOASAZAE 8 1020 PO3WAPYBAHHI BIOHOCHO CEPeOHbO-
20 3HaMeNHA PadioACKpaesicHoi memnepamypu pona ma
BU3HAMEHHI CYKYNHOCMI 06°cKxmis 3 HaUOLbLW010 paoio-
Ackpagicholo memnepamypotro. Busnauwena maxum
YUHOM CYKYNHICMb 00°€KMi6 WAAXOM iX OKOHMYpIO-
BAHHA BUKOPUCMOBYEMDLCS 8 SAKOCHI 20MEMPUUHOZO0
ineapianma 3 inpopmamuenum napamempom y 6unsoi
ycepeonenozo 3navenns paodioackpasicHoi memnepa-
mypu. Ilnaxom modemosanns npouecy dopmyean-
Hna B®D ecmanosaeno, wo npu eionowenmi cuenan/
wym Ha 6uxodi padiomempuunozo xanany (q=5...10)
dopmyromoca ackpaso eupaxnceni ynimooanvii BD.
IIpu ybomy 3abe3nenyemvcs UMOGIPHICHL NPABUILHOT
aoxanizauii 06’exma npue’azxu na I13 6ausvka 0o 0ou-
HUYi, a MAK0’C 3MEHUEHHS 6NIIUGY NEPCREKMUBHUX MA
Macumadnux cnomeopenv 300padcenb HA MOUHICMb
Micuyesusnauenns KECH.

Pesynomamu mooenrosanis noxazanu 00UiioHiCMb
3acmocye8anHs 3anponoHo8aHUx memoois popmyean-
na E3 ma BD npu micuesusnauenni padiomempuunoi
KECH na nosepxnsax 6i3yeamnis i3 CKAa0OHUMU MPUMIp-
HuMu 00’exmamu, wo npu3eodamov 00 Gopmyseans
Hecmauionapnoeo 113

Kntouoei cnosa: xopensuiiino-excmpemanoHa cucme-
Ma, emanonte 300padceHts, 2eomempunti iHeapianmu,

cenexmuene 300paicents, upiuabHa Qynxuisn
o

yu]

1. Introduction

When solving problems of autonomous and noise-im-
mune navigation of low-altitude flying machines (FM), ra-
diometric correlation-extreme navigation systems (CENS)
are widely used. However, influence of a number of factors
can lead to formation of a multiextremal decision function
(DF) of the CENS and worsening accuracy and probability
of correct estimation of its true extremum.

Search for the objects of referencing (OR) in the current
image (CI) of the sighting surface (SS) is carried out in
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CENS by comparing its fragments with the reference image
(RI). However, sighting of complex three-dimensional ob-
jects from small altitudes and at varying angles can lead to
sharp gradients of radio brightness temperature within one
object. This causes appearance of new boundaries between
individual elements of the object itself, displacement, blur-
ring or new contours on the current image of the sighting
surface. These circumstances cause non-stationarity of the
current picture formed in the CENS. Thus, a structural mis-
match appears between current and reference images which
necessitates the use of other auxiliary invariant attributes
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of the OR image. In this connection, provision of necessary
accuracy of determination of OR coordinates requires devel-
opment of appropriate methods for formation of a unimodal
DF. It should be borne in mind that the principles of RI
building in accordance with informative attributes must
comply with the CI.

The current image quality can also be affected by various
obstacles, seasonal factors and adverse weather conditions
causing changes in the image structure. The necessity of
consideration of these factors further emphasizes relevance
of the studies devoted to development of methods for forma-
tion of the unimodal decision function.

2. Literature review and problem statement

It was proposed to use reference images as binary images
of contours and formation of DF to be carried out based on
the analysis of fields of brightness gradients by comparing
RI and CI [1]. It is considered that CI corresponds to RI
by its structure and the structure itself does not depend on
conditions of imaging. Formation of DF was proposed to
realize using a six-dimensional grid of hypotheses of confor-
mity of current and model images [2]. Studies were conduct-
ed for two-dimensional images without taking into account
shape of objects on the sighting surface and the ratio of the
object size to the width of antenna system orientation dia-
gram. A method of localization of OR on CI in conditions of
appearance of false objects during CENS position finding
with the use of SS at high object saturation was developed
in [3]. The work studied the effect of the current image geo-
metric distortions resulting in appearance of false objects.
That is, discrepancy between reference and current images
is only determined by geometric distortions. The sighting
object shape was not taken into account. Detection and
localization of object contours on images was studied in [4]
using the Haf transform in conditions of scale distinctions
between current and reference images. The problem was
solved for the case of complete conformity of morphological
structure of the images being compared. Application of the
theory of fractal analysis for object localization on images
of various types was considered in [5]. Influence of noise on
formation of two-dimensional CI was studied. The CI was
considered stationary. An information-theoretical method
of image processing based on entropy coding was proposed
in [8]. It was shown that images of the same scene obtained
in different conditions and subjected to preliminary coding
show a higher correlation coefficient than original images.
The image scene was described only in a plane. Methods for
detecting the object contour points on segmented images
formed by the method of statistical recognition of multi-
channel data were proposed in [7]. Influence of the factors
leading to a nonstationary structure of images was not
studied. Properties of invariant moments of binary images
were studied in [8] for formation of their set in the problem
of recognition of graphic images and measurement of dis-
tance to target objects. Contour images were considered
for a two-dimensional scene. Solution of the problem of
locating objects on a complex three-dimensional terrestrial
scene was proposed in [9]. However, the effect of three-di-
mensionality of the objects themselves on emergence of
nonstationary structure of the image was not studied. It was
proposed to generate unimodal decision function in accor-
dance with a minimax criterion of image similarity [10]. It

was assumed that compared images conform to each other
by their structure. Influence of spatiality of objects and con-
ditions of sighting on image formation was not considered.
The decision function formation with the help of descriptors
with 64 elements selected based on analysis of informative
attributes of the sighting surface was proposed in [11]. In
this case, the result of coincidence of current and reference
images was estimated using a normalized cross-correlation
relative to the threshold value. Correct choice of the thresh-
old value determines probability of reliable coincidence of
the current and reference images. A structural diagram of
a CENS with a built-in rapid mapping block that realizes
the known approach to simultaneous positioning and map-
ping based on recursive Bayesian estimation was presented
in [12]. It was shown that this block enables clarification
of the mapping information immediately, during the flight.
However, the possibility of formation of a decision function
on the basis of refined cartographic information was not
considered and the issue of influence of external factors
on formation of refined reference images was not solved.
Methods and algorithms for image segmentation according
to various informative parameters were considered in [13].
The methods considered in this work allow one to form a
homogeneous area based on pixel characteristics such as
gray level, color, texture, intensity and other features. This
enables obtaining of additional information about the area
of interest in the image. However, the methods of segmen-
tation presented in the work were considered irrespective
of application fields, therefore, they need to be clarified and
further developed for application in correlation-extreme
navigation systems. The results of experimental studies
of achievable accuracy of georeferencing by means of non-
expensive radiometric hyperspectrometers were presented
in [14]. It was shown that planimetric accuracy reached 4.6 m
at an altitude of 344 m above ground level. This confirms
just expediency of the use of radiometers in correlation-ex-
treme navigation systems for high-precision localization
when sighting objects from small altitudes. The results of
development and experimental data on the use of a light
unmanned flying machine with an L-band radiometer on
board were presented in [15]. The experimental results
show occurrence of significant errors in position finding
when sighting surfaces with high object content. However,
no ways of ensuring high accuracy of an unmanned flying
machine position finding were proposed.

Thus, there is no solution of the problem of position
finding of a CENS onboard low-altitude flying machines in
conditions of formation of non-stationary current images.
Besides, the necessity of ensuring the CENS operation in
condition of deliberate change of CI or potential OR de-
struction emphasizes relevance of solution of the problem
of CENS position finding in conditions of variable informa-
tional attributes.

3. The aim and objectives of the study

The study objective is position finding of the CENS used
in low-altitude flying machines on the sighting surfaces with
highly developed infrastructure.

To achieve this objective, the following tasks shall be
addressed:

- to develop a method and algorithm for formation of
reference images of three-dimensional objects of sighting;



- to develop a method and algorithm for formation of a
unimodal decision function during radiometric CENS posi-
tion finding with the use of a sighting surface with three-di-
mensional objects of sighting.

4. Development of the method and algorithm for
the formation of reference images of three-dimensional
objects of sighting

The task of development of the method and algorithm for
formation of reference images of three-dimensional objects
of sighting will be solved with the following assumptions:

1. The effect of distortion factors on the sighting surface
objects is absent.

2. The size of the source image (SI) of the sighting sur-
face: M{x M, the size of the slide window SswESsi—NiXN>
with coordinates of the upper corner (i, j).

3. Each i-th, j-th element of the CI is a normally distrib-
uted magnitude with a dispersion 012]- and an average radio
brightness temperature S(, j).

4. Noise of the CENS channels is not taken into account.

5. Comparison of SI of SS Sg; with the formed image
fragment will be carried out at a maximum value of the coef-
ficient of cross correlation (CCC), Kyax (i, /).

CCC of SI and the formed image fragment for all i=
=1..M—N; and j=1..M,—N, forms a correlation analysis
field (CAF). The formed CAF characterizes the degree of
similarity of informative fields (IF) of the SS image frag-
ment with the IF of other image fragments.

Let us analyze the possibility of using radio brightness
contrasts between objects in a CI as an informative attribute
used to form zonal structure of the image in conditions when
spatial angle of the object of sighting exceeds the size of par-
tial antenna directivity diagram (ADD).

To this end, assume that there are K objects on a ST which
have radio brightness temperatures T, and are located on a
uniform background with temperature Ty Then distribution
of radio brightness temperatures in the plane of sighting will
be represented as follows:

Tm,x,yELiKy

Ty (x,y) = )

K
Tf,x,yeSm = USm,
m=1

where §,(S,=@, m#n.

Taking into account parameters of the antenna system,
the radiobrightness temperature at the output of the Ty;
channel can be represented by the following relation taking
into account (1):

T, (=T, + X (T, ~T) [ Gy, y,(0)dxdy,  (2)

where G(x, y, x(t), y;i(t)) is ADD.

Expression (2) represents a model of description of the
element i, j of the CI formed by radiometric channel taking
into account spatial position and orientation of the flying
machine. Taking into account three-dimensional form of the
objects of sighting determines necessity of clarifying the T,
value in expression (2).

Taking into account influence of radio brightness tem-
perature of atmospheric column, T, reflected by visible

parts of the three-dimensional object, radiobrightness tem-
perature of the object of sighting, T;,, will be determined by
temperatures of its individual visible surfaces. Proceeding
from this, the expression for determining radiobrightness
temperature of the object of a complex three-dimensional
form can be represented as:

T = Ty 2 %iSic0 * T 2 R Sice (3)
m S ’
0
where

n m
Sy = 2151‘()() + sz(k)
i= j=t

is the area of visible sections of surface of the object of sight-
ing which is characterized by emissivity and reflectivity; &;
is the coefficient of reflection; Tj is thermodynamic tempera-
ture of the object.

Relations (2), (3) make it possible to calculate the value
of radiobrightness temperature in individual elements of
the object of sighting taking into account its configuration.
However, any section of the SS used for the position find-
ing of the radiometric CENS of the flying machine has its
own unique properties in terms of brightness, contrast, and
structure. Therefore, in order to determine the informative
parameter that can be used as an invariant during formation
of the RI for the CENS of low-altitude flying machines,
it is expedient to analyze distribution of radiobrightness
temperature within the object of sighting. For this purpose,
perform simulation of distribution of radiobrightness tem-
perature between the object elements depending on sighting
angles for the three-dimensional object shown in Fig. 1.

Simulation terms:

1) sighting altitude: 500 m;

2) radiobrightness temperature of the sky: 50 K;

3) thermodynamic temperature: 300 K;

4) angles of opening of radiometer ADD: 30°x40°;

5) width of partial ADD: 19

6) working frequency: 3.2 mm;

7) sighting corners: 90°, 60°, 45°;

8) pixel dimensions in the image: 8x8 m.

Parameters of the object of sighting:

1) three-dimensional object of a complex form (Fig. 1);

2) dimensions of the object of sighting (in nadir) 10x30 m;

3) the area of individual object elements varies according
to the sighting angles;

4) emissivity of the object elements:

- horizontal platforms (concrete): 0.76;

- vertical platforms (brick): 0.82.

Background parameters:

1) material: asphalt;

2) emissivity: 0.85.

According to the results of simulation, it was found that
different radiobrightness temperature gradients can be ob-
served within one object at different sighting angles. These
gradients lead to disappearance of existing and emergence
of new radiobrightness contrasts and, accordingly, bound-
aries and contours in the object images. Thus, formation of
RI with the use of boundaries and contours as invariants
is inappropriate in conditions of developed infrastructure.
Therefore, a necessity of search for additional informative
attributes for formation of RI of SS arises.
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Fig. 1. Radiobrightness temperature distribution among
the object elements depending on the sighting angle

It is suggested to use geometric attributes of the set of
the most bright stationary objects of SS as such attributes.
To this end, it is necessary to introduce the concept of geo-
metrically connected objects through their contouring and
subsequent definition of an average radiobrightness tem-
perature for such equivalent object.

This approach makes it possible to refuse from transfor-
mation of similarity in the reference space for a large number
of shifted and turned R1Is to select an RI which corresponds
most closely to the compared fragment when comparing
with CI fragment.

Fig. 2 shows SI fragment and the objects that are defined
for formation of an equivalent OR based on three bright
areas of the terrain.

Fig. 2. Source image: full-size image (a); a fragment of Sl and the
objects that are defined for formation of an equivalent OR (b)

Let us use average radiobrightness temperature for the
radiometric channel as an informative attribute of the OR

introduced in this way. The contoured object and its selec-
tive image are shown in Fig. 3.

Perform formation of CAF of the contoured object and
SI at radiobrightness temperature Tg,(i, ).

Calculate the maximum value of CCC, K.« (4, j), corre-
sponding to the selected images in accordance with the clas-
sical correlation algorithm for each (%, ) by the expressions:

N, 2 Sy () S,y (m+

K,.j(k,l)ziNfN >y , @)

s mt ik —1n+l-1)
where K; =||Kij(k,l)"
at k=1..M,~N,, [=1..M,-N,. (5)
The maximum value of each resulting K; matrix which

is ensured at a complete coincidence of Sgwj; and Sg; is de-
termined:

K, (i, j)=max| K, (kD). (6)

where
i=1..M,~N,, j=1.M,-N,;
Sew(mmn)eSy and Sg(m+k—-1n+l-1)eSy,.

The matrix (2) with dimensions (M;—N;)x(Ms—N>)
which characterizes distribution of K.(i, j) is CAF with
brightness (CAFg,).

The CCC resulting from comparison of the source
image and the image fragment with an equivalent OR is
shown in Fig. 4.

b

Fig. 3. Image of Sl fragment: with contoured objects of OR (a);
with average radiobrightness temperature within the contour (b)
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Fig. 4. CCC of the formed equivalent OR and SI

Formation of RI by means of simulation was carried out
in accordance with the algorithm of formation of the set of
RIs for CAF presented in Fig. 5. Comparison of RI with
the source image was carried out in accordance with the
classical correlation algorithm. During simulation of SI, a
radiometric image was taken. It was obtained by radiometric
channel from altitude of 1,000 m at sighting angle of 60°.

C Stlan _D

/ Source 1mage of SS /

I
‘ Building of CAF according to brightness |
I

Selection of threshold and definition of
objects with maximum brightness

Building of a set of selective objects

Contouring of the set of selective objects

Determining of the mean brightness within
the contoured objects

I
‘ Building of RI |
I

/ Output data of RI /

C Finish )

Fig. 5. Block diagram of the algorithm of formation of the set
of Rl for CAFg,

Thus, the results of simulation of comparison of RI frag-
ment with the use of geometrically connected objects with
SI of SS confirmed effectiveness of the proposed method for
formation of RI for radiometric CENS.

It has been established from the simulation results
that in the case of the use of an equivalent OR, the DCF
is unimodal. At the same time, complete coincidence of RI
fragment with SI ensures that there is no impact of scale and
perspective distortions of the SS objects on the comparison
results. This is confirmed by the geometric construction of
shift, scale change, perspective distortions, and SI turn with
an equivalent OR relative to RIs shown in Fig. 6.

It is clear from the geometrical constructions shown in
Fig. 6 that geometric distortions will be absent and unimod-
al decision function will be formed only in the case of full
coincidence of CI fragments with RI.

Fig. 6. Factors influencing accuracy of superposition:
perspective distortion (a); Cl bias relative to Rl (6);
turn of Cl relative to Rl (¢); scale changes of Cl (d)



5. Development of the method and algorithm for
formation of unimodal decision function of the
radiometric CENS

Formation of a unimodal DF requires CI preprocessing in
order to reduce the latter to a form close to RI.

According to radiometric CI, this means that its process-
ing results in a necessity of determining a set of objects in the
image with the highest value of radiobrightness temperature
Tg,(i, })max- On the basis of the set, an equivalent OR will be
formed later as shown above and accordingly, a new CI.

To do this, determine the average value of radiobrightness
temperature of the background part of the image, T3, 45, and
quantize radiobrightness temperatures of the objects in the
current image taking into account radiometer sensitivity, AT,
and dynamic range T,(i, /)max—1 8-, )Imin- When quantizing,
the values of the selected gray levels will be determined by the
number of selected intervals, .

Let us quantize radiobrightness temperatures of CI by
breaking the temperature range Ts,(i, J)max—1T5:(G, Jmin i
even intervals, AT,

T‘ i’ . max_T
A", = r( ])k B,,,7 (7

where £=10...20 is the number of quantization levels; ATp,>AT.

In accordance with the defined maximum values of radio-
brightness of the objects, form the current image of S¢ (M, Ms)
which will be considered the source image. Calculate the av-
erage value of radiobrightness temperature for a set of bright
objects and represent geometrically related objects in the
image in the form of an equivalent OR with a value of bright-
ness averaged over its plane. It is completion of preliminary
processing of CI.

Next, transform CI of S¢(My, M) into a binary image, H,
according to the rule:

1,8, €S,.;  —
’_{O,SisSp; ielh, ®)
where i is the number of CI fragment occupied by OR; p is the
number of CI fragment occupied by background; F is the size
of the sample that forms two classes of w; that do not intersect
each other and correspond to the signals of the object of refer-
ence, @, and background, w,.

Solve the problem of OR selection in a binary image as
follows. According to the selected threshold of values of radio-
brightness temperature, compare fragments of the layered cur-
rent image, H'cH, with the reference image and find the frag-
ment of CI which will have the greatest number of coincidences.

The decision rule that defines the DF consists in the fol-
lowing:

R;=supR,. )

ie0,M

As aresult, a unimodal DF R(x, y, t) of radiometric CENS
will be formed.

The index i takes as many values M as there are possible
fragments shifted one relative to the other with the set con-
figuration in frame H. If the rule (9) corresponds to several
fragments, then decision on OR localization is not made.

Probability of correct OR localization will be determined
as follows when using rule (9):

Jj-1

P =_XC£“(1—a)fa’%»’{ZC;:BMQ_B)J;m} 7

m=0

(10)

where «, B are errors of the first and second kind which are
determined by the value of the signal-to-noise ratio; F, is the
sample size corresponding to OR; m €0, M.

The results of estimation of probability of correct OR lo-
calization using an equivalent OR with brightness averaging
in accordance with a set of geometrically related objects are
shown in Fig. 7. The shown dependences were constructed
for OR with area of 5...50 % of the total image area.
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Fig. 7. Dependence of probability of correct OR localization
on the signal-to-noise ratio for equivalent OR of
various sizes

Thus, the developed method for formation of a unimodal
DF includes the stages consisting in the following:

1) layering of CI according to the quantization threshold
and determination of a set of objects with the greatest value of
radiobrightness temperature;

2) construction of a selective image of a group of geomet-
rically related objects with definition of their average radio-
brightness temperature within the limits of the introduced
equivalent OR;

3) formation of binary CI;

4) search for the largest coincidence of the CI fragment
with the generated RI,;

5) formation of DF.

Thus, it was established that the use of an auxiliary geo-
metric attribute in the CI makes it possible to ensure probabil-
ity of OR localization close to unity at a signal-to-noise ratio
of 3 to 4. In this case, the area of OR must not exceed 30 % of
the entire CI area.

In order to verify effectiveness of the developed method,
a statistical test of the algorithm of formation of DF of ra-
diometric CENS with the use of the RI built using a set of
geometrically related objects was performed. The algorithm
of formation of DF of radiometric CENS is shown in Fig. 8.

The main purpose of simulation was as follows:

- experimental confirmation of obtaining the expected
value of theoretical estimation of probability of correct local-
ization of equivalent OR by simulating the process of equiva-
lent OR localization;

- obtaining of DF realizations as a result of correlation-ex-
treme processing of a set of CI with OR matrix for various
source data of formation of the KESN DF.

Operability of the method for unimodal DF formation
was estimated using the statistical modeling method (Mon-



te Carlo) by means of multiple restart of the computational
procedures of the simulation algorithm. The total number of
processed realizations used to calculate probability of cor-

rect localization of OR in CI was N,=420.

CIl of RM
channel, Sgum
Level of quantizing and

formation of CI with objects
having the highest brightness
[
Calculation of mean

brightness for the defined set
of CI objects

Formation of a new binary CI

/ The RI set / Comparison ost;3 ?I with the RI

[
Formation of DF, R=sup R;

[

Determining coordinates of
the DF extremum and
displacement vector
estimation

R(r

Fig. 8. Block diagram of the algorithm of formation of DF of
radiometric (RM) CENS

The decision concerning OR localization is made by com-
parison of OR coordinates in CI as a result of statistical tests
with known coordinates of OR in RI specified in the source
data of simulation.

When OR coordinates in the compared images coincide, a
decision is made on OR localization in CI during processing
of this realization. Estimation of probability of correct local-
ization is made by means of relation:

N 1n

where P; is the number of realizations of correctly local-
ized OR in CI; Ny is the number of algorithm starts during
tests.

The following assumptions were taken in simulation:

1) the SS scene is photographed in nadir;

2) quantization of gradations of gray levels of OR and
background is completed,;

3) there are no mutual turns, geometric and scale distor-
tions of CI and RI;

4) the nodes of CI and RI matrices coincide;

5) OR is located in the center of RI.

Source data of the simulation algorithm:

Matrix of RI:

1) size: 8%8 elements;

2) informational content: binary image, OR corresponds
to “1” and background to “07;

3) OR size: 3%3 elements;

4) OR form: conventional square.

Matrix of CI:

1) size: 16x16 elements;

2) the number of levels of gray quantization: OR: 5 levels,
background: 0...7 levels;

3) OR size: 9 elements;

4) OR form: inscribed in a conventional square with size
of 3x3.

The simulation results are presented in Fig. 9, 10.
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Fig. 9. CCC of Cl and RI at signal /noise =10 (a); ratio of
signal /noise =5 (b)
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Analysis of the results of statistical tests of the algorithm
of formation of a unimodal DF of combined CENS using a
single RI has shown the following.

1. The results of theoretical estimation of P; coincide with
the results of experimental estimation.

2. For typical values of the signal-to-noise ratio in the
image (¢=>5...10), pronounced unimodal DFs are formed. At
the same time, probability of correct localization of OR in CI
is close to one.

3. Increase in the number of OR elements results in ap-
pearance of boundary effects and formation of additional
surges of partial DF.

4. Increase in the number of gray gradations during CI
quantization leads to formation of a distinct main extremum
of the DF and appearance of additional local maxima in par-
tial DF.

6. Discussion of results of development of the methods
for formation of RI and unimodal DF by radiometric
CENS

The results of theoretical studies of development of
methods for formation of reference images and decision
function that are the results of the authors’ efforts in further
development of the methods and algorithms of secondary
CENS processing are presented. A number of methods for
RI formation have been developed taking into account spa-
tial position and orientation of the flying machine as well as
formation of a unimodal VF in conditions of inconsistency
of current and reference images. They include the method
and algorithm for optical-electronic CENS position finding
in CI with few bright objects that are considered to be false
objects. The method is based on solution of the problem of
multistage finding of position of the object of reference by
determining its coordinates using the maximum value of the
number of coincidences of CI fragments with RI.

However, the developed methods are not suitable for
application in radiometric CENS when linking to complex
three-dimensional objects when the size of the partial ADD
is smaller than the size of individual elements of the object.
At the same time, radiobrightness temperature gradients
appear depending on the sighting angle. These gradients can
lead to appearance of other interfaces between individual
elements of the object itself and the new contours in the OR
image. In addition, displacement or blurring of interfaces
may occur which will also result in non-stationarity of the
current image and its non-compliance with RI. As a result, a
necessity of development of a method for RI formation tak-
ing into account changes in the structure of images depend-
ing on shape of objects and geometry of sighting appears
on the one hand and a method for formation of a unimodal
DF taking into account non-stationary CI structure on the
other hand.

The use of auxiliary geometric attributes as invariants
is the basis of development of the method for RI formation.
To this end, geometric attributes of the set of the brightest
stationary objects in CI having the highest radiobright-
ness temperature are used. For this purpose, the selected
objects are contoured and subsequent definition of average
radiobrightness temperature for the equivalent object is
made. The objects for formation of an equivalent object are
defined by constructing a field of correlation analysis using
the indicator of radiobrightness temperature in accordance

with a certain quantization threshold relative to the mean
value of radiobrightness temperature of background. As a
result, RI of the object of referencing is formed by means of
binarization. Simulation of RI formation in accordance with
the developed method has confirmed its high efficiency in
accordance with CCC indicator.

Development of the method of formation of unimodal DF
of radiometric CENS is based on CI layering and defining
the objects with the highest radiobrightness temperature
in accordance with the radiometer dynamic range and
sensitivity. All other objects having lower radiobrightness
temperature are related to background. Next, the image with
a defined set of objects is binarized and compared with RI.

Verification of effectiveness of the developed method
by statistical testing of the algorithm of formation of a uni-
modal DF of radiometric CENS using a set of geometrically
related objects has shown feasibility of its application for
position finding of the CENS in an SS with developed in-
frastructure. Complete coincidence of RI with CI ensures a
minimal impact of perspective and scale distortions on the
formed DF.

The methods for formation of RI and DF may be useful
for navigation of flying machines at an altitude of up to
1 km. This is determined by the fact that the size of most
three-dimensional stationary objects will exceed resolution
of radiometric CENS. Also, the methods can be useful in
the opto-electronic CENS with image quality influenced by
shadows and perspective chromaticity bringing about sto-
chasticity of informative attributes used in CI description.

In addition, it is advisable to use these methods when
solving the problems of navigating the flying machines
equipped with CENS, organizing jamming which may also
lead to a change in the CI structure and its non-compliance
with RI. But the methods may turn out to be of little use for
navigating flying machines with opto-electronic CENS in
conditions of reduced visibility and with restrictions on the
time of formation of DF on high-speed flying machines with
steep flight trajectories.

Further studies may be aimed at improving the method
of DF formation in conditions of intentional change of elec-
trophysical properties of surfaces. On the whole, the study
results will be used to improve the software complex for
formation of RI and unimodal DF in various conditions of
CENS application.

7. Conclusions

1. A method for formation of RI of the sighting surfaces
using three-dimensional objects of sighting the area of un-
manned FM tie-in has been developed. The method is based
on construction of binary selective images using auxiliary
geometric attributes as invariants. Geometric attributes
are determined by contouring a set of stationary objects
with the highest radiobrightness temperature with subse-
quent averaging of radiobrightness temperatures within the
object contour. The use of auxiliary geometric invariants
provides the possibility of not taking into account changes
in radiobrightness temperature which may appear between
individual elements of the object itself. Estimation of qual-
ity of the formed RIs by means of modeling according to
the CCC indicator has confirmed expediency of applying
the proposed approach to formation of RI of CI with three-
dimensional objects.



2. A method for formation of a unimodal DF of radio-
metric CENS which takes into account three-dimensional
form of CI objects, changes in spatial position and orienta-
tion of unmanned FM was developed. The method is based
on CI layering and construction of a set of binary images
of the contoured object. Numerical estimates have shown

that the use of geometric attributes as an invariant ensures
probability of correct OR localization close to one at signal-
to-noise ratio of 5 to 10. Statistical tests of the algorithm of
formation of a unimodal DF of radiometric CENS in accor-
dance with the developed method confirmed the results of
theoretical studies.
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